The role of caspase-1 in regulating the immunogenic properties of HMGB1 has not been previously reported. Results: We have mapped a peptide in the A-box of HMGB1 that reverses tolerance through RAGE. Conclusion: Inflammasome signaling regulates the immunogenic activity of HMGB1. Significance: Immunogenic peptides within the HMGB1 A-box may be exploited to reverse immune tolerance in sepsis patients.
Apoptotic cells trigger immune tolerance in engulfing phagocytes. This poorly understood process is believed to contribute to the severe immunosuppression and increased susceptibility to nosocomial infections observed in critically ill sepsis patients. Extracellular high mobility group box 1 (HMGB1) is an important mediator of both sepsis lethality and the induction of immune tolerance by apoptotic cells. We have found that HMGB1 is sensitive to processing by caspase-1, resulting in the production of a fragment within its N-terminal DNAbinding domain (the A-box) that signals through the receptor for advanced glycation end products (RAGE) to reverse apoptosis-induced tolerance. In a two-hit mouse model of sepsis, we show that tolerance to a secondary infection and its associated mortality were effectively reversed by active immunization with dendritic cells treated with HMGB1 or the Abox fragment, but not a noncleavable form of HMGB1. These findings represent a novel link between caspase-1 and
HMGB1, with potential therapeutic implications in infectious and inflammatory diseases.
Sepsis is a leading cause of mortality in intensive care units. However, lack of understanding of the underlying pathological mechanisms has hindered therapeutic success in the clinic (1, 2) . Sepsis is defined as the host response to overwhelming infection or injury leading to immune dysfunction and organ failure. It is now well established that following an early cytokine storm, sepsis patients become severely immunosuppressed, which renders them susceptible to secondary nosocomial infections. Human and animal studies indicate that massive leukocyte apoptosis occurs in sepsis and suppresses immunity by triggering a tolerogenic program in antigen-presenting cells (2) (3) (4) (5) (6) (7) (8) (9) (10) . As a result, sepsis patients have impaired delayed-type hypersensitivity (DTH) 7 and are often unable to mount an immune response to recall antigens (11, 12) .
HMGB1 was initially identified in the early 1970s as a chromatin-associated protein, consisting of two DNA-binding domains (termed A-and B-boxes) and a highly acidic C-terminal tail (reviewed in Ref. 13) . It was later recognized that HMGB1 accumulates in the circulation of patients and mice during sepsis and that its neutralization improves sepsis survival in experimental animal models (14, 15) . Together these results implicated HMGB1 as a late mediator of sepsis lethality. A consensus on how HMGB1 exerts its immunomodulatory roles in sepsis remains elusive. Several studies have shown that HMGB1 functions as a cytokine by inducing the release of pro-inflammatory factors such as TNF␣ and IL-6, a function that has been mapped to the B-box domain (16, 17) . Meanwhile other groups associ-ated these observations with the use of HMGB1 preparations purified from bacterial systems as HMGB1 can complex with pathogen-associated molecular patterns (18 -23) . Interestingly, administration of recombinant A-box was reported to protect mice from experimental sepsis (15) . The discovery of the regulation of HMGB1 by oxidation has exposed yet another level of biological complexity. Different configurations of oxidative states on three cysteine residues, Cys 23 , Cys 45 , and Cys 106 , have been correlated with modified activities of extracellular HMGB1 (reviewed in Ref. 24) .
Our previous investigations of the effects of cell death modalities on the immune response have pointed to HMGB1 as a central determinant of the immunogenic versus tolerogenic effects of dying cells. We have reported that HMGB1 released from necrotic cells was immunogenic, whereas that released from apoptotic cells was tolerogenic (25) . This differential effect was linked to the redox state of HMGB1, such that oxidation of Cys 106 during apoptosis was sufficient to inhibit its immunogenic activity (25) . In a separate study, we found that HMGB1 may be targeted for processing by caspase-1 (26) , which prompted us to explore whether caspase-1 and the upstream inflammasome pathways interact with HMGB1 to modulate its immunogenic activities (25) .
Here, we report that HMGB1 is sensitive to caspase-1 processing at aspartate Asp 67 within the A-box. We also show that the A-box fragment contains the immunogenic determinants of HMGB1 and that it is necessary and sufficient to reverse apoptosis-induced tolerance through RAGE. In a two-hit mouse model of sepsis, we show that tolerance to a secondary Candida infection was effectively reversed by active immunization with dendritic cells (DCs)treated with HMGB1 or the A-box fragment, but not a noncleavable form of HMGB1. Collectively, these observations suggest a new link between the inflammasome and the regulation of HMGB1 activity and describe a direct functional interaction between A-box and RAGE that may shed light on the protective effects of A-box administration during experimental sepsis.
EXPERIMENTAL PROCEDURES
Materials and Reagents-Active recombinant caspases-1, -3, and -11 were obtained from BioMol (Enzo Life Sciences, Farmingdale, NY). Active recombinant caspases-2, -5, -7, and -9 were from Merck Research Laboratories. M2 agarose, FLAG peptide, lipopolysaccharide (LPS; Escherichia coli serotype 0111:B4), ATP, 2,4,6-trinitrobenzene sulfonic acid (TNBS), puromycin dihydrochloride, anti-␤-actin, anti-FLAG, and anti-HMGB1 antibodies were from Sigma-Aldrich. Anti-caspase-1 p10 was from Santa Cruz Biotechnology (Santa Cruz, CA). Secondary immunoblot HRP-conjugated antibodies were from Amersham (GE Healthcare, Little Chalfont, UK). RNase inhibitors and protease inhibitors were from Roche Applied Science. In vitro transcription/translation kit was from Promega (Madison, WI). 35 S-labeled methionine was from PerkinElmer. QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA). Recombinant full-length HMGB1, mutants, and fragments were generated and purified by the Biotechnology Research Institute (National Research Council of Canada, Pointe-Claire, Quebec, Canada) using a proprietary mammalian HEK293-6E cell line and Fractogel cobalt column, as described previously (27) . Recombinant mammalian sRAGE was from Prospec (East Brunswick, NJ), and V-C1 and V-C1-C2 constructs were generated by Dr. Tsian Xiao at the National Institutes of Health (Bethesda, MD). HMGB1 synthetic peptides were generated at Ͼ90% purity by AnaSpec (Fremont, CA 35 S-labeled FLAG-tagged HMGB1 was affinitypurified from the reticulocyte mixture on M2 agarose beads in maximum stringency radioimmune precipitation buffer with extensive washes and eluted from the beads by affinity competition with FLAG peptide.
Caspase Cleavage Assays-Cleavage of the in vitro transcribed/translated 35 S-labeled substrates was performed as described previously (26) Proteins were resolved by Tricine-SDS-PAGE, transferred to nitrocellulose membranes, and exposed to autoradiography film for 4 h or used in Western analysis.
Isolation of DCs-CD8␣ ϩ DCs were purified from mice treated by intravenous injection of 10 9 PFU adenovirus-Flt3L to expand splenic DC populations. Purification was performed on spleens from treated mice using a DC enrichment kit and a phycoerythrin-positive selection kit (StemCell Technologies, Vancouver, British Columbia, Canada) with an anti-CD8␣-phycoerythrin antibody (clone 53-6.7, BioLegend, San Diego, CA). Bone marrow-derived DCs were generated as described previously (25) .
Delayed Type Hypersensitivity Assays-Reversal of tolerance experiments were carried out as described previously (25) . For the priming assays, MEFs were first exposed to 10 mM TNBS at room temperature for 5 min, washed with PBS, made necrotic by five freeze/thaw cycles, and added to the overnight co-culture at a ratio of 1:1 DC:necrotic cell immediately after freeze/ thaw. DCs exposed to necrotic cells were washed and injected subcutaneously in PBS at 10 6 DCs per mouse to prime immunity to TNBS. Where indicated, assays were performed by adding 250 ng/ml full-length HMGB1 and the corresponding equimolar amounts of the other recombinant proteins to the DC apoptotic or necrotic cell overnight co-cultures. Recombinant proteins were reduced prior to addition as described (25) .
Generation of Stable MEFs-The neomycin cassette in the pcDNA3.1(ϩ) vectors carrying the cDNA of wild-type (WT) HMGB1, D67A, and D158A was replaced by restriction digest and ligation with a PCR-generated puromycin cassette. For injection into MEFs to generate the stable cell lines, the plasmid constructs were linearized and purified using a PCR cleaning kit. Hmgb1 Ϫ/Ϫ MEFs were seeded at 2 ϫ 10 4 cells/well in a 24-well plate and transfected 24 h later with the purified linearized constructs using Lipofectamine 2000 according to the manufacturer's protocol. MEFs from each well were detached 24 h after transfection with trypsin/EDTA and resuspended in 10 ml of selection medium composed of DMEM supplemented with 10% FBS, 1% penicillin streptomycin, and 3 g/ml puromycin. Cells were then plated immediately at 100 l/well in 96-well plates, and selection medium changed every 2-3 FIGURE 1. HMGB1 is a specific caspase-1 substrate. A, HMGB1 was in vitro transcribed and translated (ITT) and [ 35 S]methionine-labeled. ITT products (1 l) were digested with the indicated active recombinant caspases. Radiolabeled poly(ADP-ribose) polymerase (PARP) was generated and treated with the same conditions to confirm the activity of the recombinant caspase preparations. The proteins were separated by SDS-PAGE and visualized by autoradiography. B, caspase-1 cleaves HMGB1 in a dose-dependent manner. Radiolabeled HMGB1 was generated as in A. ITT products (1 l) were digested with increasing amounts of active recombinant caspase-1 or -3 and visualized by SDS-PAGE and autoradiography. Radiolabeled poly(ADPribose) polymerase and pro-IL-1␤ were generated and treated with the same conditions to confirm the activity of the recombinant caspase preparations. C, left, site-directed mutagenesis was used to map the caspase-1 cleavage sites in HMGB1. The aspartate to alanine mutant forms of HMGB1 were tested in a caspase-1 cleavage assay using recombinant caspase-1. Right, schematic representation of HMGB1 domain organization highlighting the three cleavage sites and the redox-sensitive cysteine residue.
days until single colonies were observed. Individual colonies were then harvested using trypsin/EDTA and reseeded into 12-well plates under selection, changing the selection medium every 2-3 days until cells became confluent. Stable cell lines were assayed for HMGB1 expression and expanded for cryopreservation.
Surface Plasmon Resonance (SPR) Binding Assays-Labelfree, real-time binding assays were performed at 25°C on a BIACORE 3000 system (GE Healthcare Life Sciences). Researchgrade CM4 dextran-coated sensor chips were utilized with filtered (0.2 m) and degassed HBS-EP running buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% (v/v) Tween 20). Carrierfree, soluble RAGE was from Prospec (HEK sRAGE; PRO-601), Pierce Gentle Elution was from Thermo Scientific (21027), and detergents were from Anatrace (Tween 20 APT020 and Empigen D350); all other chemicals were reagent-grade quality. RAGE constructs (V-C1, 25 kDa; V-C1-C2, 34 kDa; sRAGE, 35 kDa; 10 g/ml each in 10 mM sodium acetate, pH 4.0) were immobilized using the BIACORE amine coupling kit (ϳ250 RU each); corresponding reference surfaces were prepared in the absence of any RAGE protein. Bovine serum albumin (BSA, 66 kDa; negative control; 0 -100 nM), A-box 1-67 (17 kDa; 0 -100 nM), and the HMGB1 A-box synthetic peptides (ϳ1.3 kDa each; 0 -10 M) were titrated (2-fold serial dilutions) over reference and RAGE-immobilized at high flow rate (to minimize mass transport effects; 50 l/min ϫ 1-min association ϩ 3-min dissociation). Between sample injections, sensor chip surfaces were regenerated at 50 l/min using two 30-s pulses of solution I (running buffer containing 1 M NaCl) and II (Pierce Gentle Elution containing 0.05% (v/v) Empigen) followed by "EXTRA-CLEAN" and "RINSE" procedures. To cross-validate the selected SPR "ligand-analyte" orientation, similar control exper- 
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Ϫ/Ϫ MEFs, or Hmgb1 Ϫ/Ϫ MEFs stably transfected with full-length WT HMGB1 (FL), D67A, or D158A mutants were exposed to 10 mM TNBS, made necrotic, and fed to WT CD8␣ ϩ DCs overnight in the absence or presence of recombinant HMGB1. DTH responses were measured as the DCs ability to prime immunity to TNBS.
iments were performed in which sRAGE (0 -100 nM) was titrated (2-fold serial dilutions; 50 ml/min ϫ 3-min association ϩ 10-min dissociation) over amine-coupled A-box 1-67 (5 g/ml in 10 mM sodium acetate pH 5.0; ϳ150 RU final). SPR data were double-referenced (28) and are representative of duplicate injections acquired from at least two independent trials. For each replicate series, a buffer blank was injected first, the highest titrant concentration was injected second, and serial dilutions followed (from the lowest to the highest concentration repeated); comparing responses between the two highest titrant injections verified consistent immobilized surface activity throughout each assay. For the peptide titrations, apparent equilibrium dissociation constants (K D ) were determined by global fitting of the data (averaged responses at the end of each association phase (R eq ) plotted versus concentration) to a "steady-state affinity" model in the BIAevaluation software (v 4.1). Given the inherent heterogeneity in the association phase profiles for A-box 1-67 interacting with RAGE (i.e. both ligand-analyte orientations deviated from simple 1:1 kinetics), the protein titrations were also analyzed according to the steady-state affinity model to approximate the overall K D values. In all cases, theoretical binding maxima were predicted using the following equation: R max ϭ (MWA/MWL) (RL) (n); R max is the maximal binding response (RU) at saturating peptide/protein concentration, MWA is the molecular weight (kDa) of the peptide/protein injected in solution, MWL is the molecular weight (kDa) of the protein immobilized, RL is the amount (RU) of protein immobilized, and n is the predicted binding stoichiometry (e.g. 1:1).
Cecal Slurry and Candida Secondary Infection Assays-The cecal slurry sepsis model was adapted from Ref. 29 . Five WT 8 -10-week-old donor mice were euthanized, and cecal contents were extracted, pooled, weighed, and vortexed for 3 min in a sterile 5% dextrose saline solution to a final concentration of 40 mg/ml. The cecal slurry (CS) was filtered through a 100-m cell strainer to remove fibrous debris and injected intraperitoneally at the indicated doses into recipient mice within 2 h of euthanasia of the donor mice. Abdomens of the mice were rubbed gently for 5 s immediately after injection to evenly distribute CS into the peritoneal cavity. For the Candida secondary infection model, mice were injected with 0.2 mg/g of CS and 24 h later injected intravenously with PBS or a suspension of DCs exposed to apoptotic cells and 50 l/ml C. albicans antigen Candin with or without equimolar amounts of recombinant HMGB1 proteins (corresponding to 250 ng/ml FL WT HMGB1). Mice were injected intraperitoneally 24 h later with 5 ϫ 10 5 colony-forming units (CFUs) of live C. albicans clinical isolate, and survival was monitored for 10 days. The Inflammasome Regulates HMGB1 Immunogenic Activity MARCH 14, 2014 • VOLUME 289 • NUMBER 11
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Statistical Analysis-Data are presented as averages Ϯ S.D. Statistical differences between groups were determined by Student's t test. A p value Ͻ0.05 was considered significant (*).
For Kaplan-Meier survival curve analysis, significant differences were evaluated by both the Mantel-Cox test and the Gehan-Breslow-Wilcoxon test.
RESULTS AND DISCUSSION

In Vitro Cleavage of HMGB1 by Recombinant Caspase-1 but Not Other Inflammatory or Apoptotic Caspases at Three Aspartate
Residues-Analysis of the caspase-1 digestome revealed HMGB1 as a potential caspase-1 target (26) . To validate this observation and determine the specificity of this cleavage event, HMGB1 processing was evaluated in an in vitro cleavage assay. [ 35 S]methionine-labeled in vitro transcribed and translated HMGB1 was incubated with recombinant caspases-1, -2, -3, -5, -7, -9, or -11. HMGB1 was specifically cleaved by caspase-1 but not by other apoptotic or inflammatory caspases (Fig. 1A) . Caspase-1 cleaved HMGB1 in a dose-dependent manner, albeit with a slightly lower affinity as compared with poly(ADP-ribose) polymerase or its preferred substrate pro-IL-1␤ (Fig. 1B) . This was also observed using radiolabeled FLAG-tagged HMGB1 that was stringently affinity-purified to exclude the possibility of proteolytic cofactors within the reticulocyte system contributing to the observed processing (not shown). Sitedirected mutagenesis allowed the mapping of the caspase-1 cleavage sites in HMGB1 to Asp 67 , Asp 158 , and Asp 169 and the generation of a noncleavable (NC) form, in which all three aspartates were replaced by alanine (Fig. 1C) . Together these results suggest that HMGB1 can be specifically targeted and processed by caspase-1.
The Immunogenic Function of HMGB1 in Reversing Apoptosis-induced Tolerance Resides in Its A-box-Our in vitro observations of HMGB1
cleavage by caspase-1 enticed us to map the biological activities of HMGB1. Toward this goal, we generated highly purified mammalian recombinant proteins corresponding to the observed cleavage products encompassing the A-and B-boxes as well as WT HMGB1 and the caspase-1-resistant NC form. To study the activity of these proteins, we chose to explore their effects on reversing apoptosis-induced tolerance in an established model of DTH ( Fig. 2A) (25) . As reported previously (25) , we show that treatment of tolerogenic CD8a ϩ DCs (exposed to apoptotic cells) with HMGB1 was capable of reversing the tolerogenic program of these DCs, as evidenced by their ability to mediate DTH when injected in immunized mice (Fig. 2B) . Surprisingly, the A-box, previously reported to antagonize full-length HMGB1 (15), reconstituted its immunogenic activity in this assay. In contrast, the B-box, which is the presumed proinflammatory domain of HMGB1 (16), did not show any activity in reversing tolerance (Fig. 2B) . We verified these findings by supplementing the media of the DC-apoptotic cell co-culture system with neutralizing anti-HMGB1 antibodies specific for the A-or B-box domains. As measured by DTH and in accordance with our previous observations, neutralization of the A-box reversed the immunogenic activity of HMGB1, whereas that of the B-box did not (Fig. 2C) . We next examined the activity of noncleavable HMGB1 in this assay. In contrast to WT HMGB1, the NC form failed to reverse tolerance (Fig. 2B) . Consistently, full-length WT HMGB1 was nonfunctional when Casp1 Ϫ/Ϫ DCs were used, whereas the A-box was fully functional in the absence of caspase-1 (Fig. 2D) , suggesting that processing of HMGB1 into the A-box by caspase-1 may be necessary for biological activity. In contrast, HMGB1 was fully functional when DCs derived from 129/S1 mice, which are deficient in caspase-11 because of a premature stop codon in the Casp11 gene (30) prevented HMGB1 from reversing tolerance in the DTH assay (Fig. 2E) . Analysis of existing NMR and crystal structures revealed that these mutations are unlikely to change the fold of the protein, and this was supported when comparing the HPLC elution profiles of the recombinant preparations (not shown).
To further validate our observations made with recombinant proteins in a more physiological system where HMGB1 would be endogenously expressed, we reconstituted Hmgb1 Ϫ/Ϫ MEFs with full-length HMGB1 or the HMGB1 cleavage site mutants (Asp 67 or Asp 158 ). Because endogenous HMGB1 secreted from apoptotic cells mediates tolerance because of Cys 106 oxidation (25), we used necrotic cells to compare the priming activities of cell-reconstituted HMGB1 variants. As expected, necrotic WT MEFs fed to DCs primed immunity, whereas Hmgb1 Ϫ/Ϫ MEFs failed to do so. However, reconstitution of Hmgb1 Ϫ/Ϫ MEFs with WT HMGB1 or the D158A mutant restored their ability to prime, to a similar extent as with the addition of exogenous recombinant HMGB1 (Fig. 2F) . In contrast, reconstitution of Hmgb1 Ϫ/Ϫ MEFs with HMGB1 D67A failed to restore priming. These results suggest that caspase-1 sensitivity at the Asp 67 site of A-box release is required for HMGB1 immunogenicity.
Caspase-1 is released from cells following activation (31) , and evidence suggesting that HMGB1 could be targeted by extracellular proteases upon release has previously been reported (32, 33) . The commercially available antibodies we tested did not allow for robust detection of HMGB1 fragments by Western analysis in the media of DCs fed apoptotic cells (not shown), possibly due to rapid internalization and degradation of the cleavage fragments upon interaction with cell surface receptors. Alternatively, the minute amounts of HMGB1 preparations required to modulate DC responses in our assay may indicate that cleavage levels below the detection limits of available antibodies are required for signaling. Taken together, our data using caspase-1-resistant HMGB1 mutants and caspase-1-de- or Rage Ϫ/Ϫ mice. C, RAGE is composed of a short cytosolic tail (CT) involved in signal transduction, a transmembrane domain (TM), which anchors the protein to the cell membrane, two constant domains (C1 and C2), and a variable domain (V). sRAGE lacks the CT and TM domains. D, top, caspase-1-generated HMGB1 A-box fragment amino acid sequence and overlapping synthetic peptides used to map binding sites to RAGE. Bottom, representative SPR for recombinant A-box fragment (0 -100 nM; 2-fold dilution series) and A-box synthetic peptides (0 -10 M; 2-fold dilution series) titrated over amine-coupled RAGE surfaces (ϳ250 RU each) in HBS-EP at 50 l/min (1-min association ϩ 3-min dissociation). Apparent equilibrium dissociation constants (K D ) are indicated. N/A ϭ no significant binding. E, A-box activity on reversal of tolerance correlates with a RAGE-binding region between amino acids 23-50. Overlapping synthetic A-box peptides (1 g/ml) were assayed for activity in reversing tolerance as in Fig. 2B ; recombinant HMGB1 was used as a positive control.
ficient DCs nevertheless suggest that the biological activity of HMGB1 depends on targeting by caspase-1. Follow-up studies using alternative detection strategies and mice engineered to express caspase-1-resistant HMGB1 will be required to further investigate these observations and validate our in vitro findings.
The Nlrp3 Inflammasome Regulates the Ability of HMGB1 to Reverse Apoptosis-induced Tolerance-To determine which inflammasome is engaged to activate caspase-1 in DCs upon sensing of apoptotic cells, we performed DTH tests using CD8␣
ϩ DCs from wild-type mice or mice deficient in inflammasome components (Fig. 3) . HMGB1 was markedly ineffective in reversing tolerance in Casp1 Ϫ/Ϫ DCs (Fig. 2D) , Asc Ϫ/Ϫ DCs (Fig. 3A) , or Nlrp3 Ϫ/Ϫ DCs (Fig. 3B) , whereas it was fully functional in Aim2 Ϫ/Ϫ DCs (Fig. 3C) or Nlrc4 Ϫ/Ϫ DCs (Fig. 3D ). In contrast, the A-box was fully effective in reversing tolerance in DCs from all genotypes. These results suggest that the Nlrp3 inflammasome regulates the biological activity of HMGB1. The observation that the A-box fragment is sufficient to reproduce the immunogenic effect of full-length HMGB1 even in the absence of inflammasome signaling (Fig. 3, A--D) and caspase-1 activation (Fig. 2D) in DCs eliminates the possible contribution of other caspase-1 functions such as the processing of IL-1␤ or IL-18 in this immunogenic response. DCs fed apoptotic cells did not undergo pyroptosis or release their own HMGB1, as HMGB1 was not detected in the media when DCs were fed Hmgb1 Ϫ/Ϫ apoptotic cells (not shown). Additionally, DC migratory ability was not modulated by dead cells (apoptotic or necrotic) and was independent of HMGB1 in Transwell migration assays (not shown). Of note, neither reduced nor oxidized mammalian recombinant HMGB1 induced IL-6 or TNF␣ secretion in this system (Ref. 25 and data not shown), suggesting that the observed immunomodulatory activity of HMGB1 is independent of these cytokines.
The Caspase-1-generated HMGB1 A-box Reverses Tolerance through RAGE-Numerous receptors have been ascribed to HMGB1, including RAGE (34) and several Toll-like receptors (TLRs) (24, 35) . The redox status of HMGB1 can affect its biological activities (reviewed in Ref. 24) , and Cys 106 within the B-box domain has been shown to be important for the binding of oxidized HMGB1 to TLR4 in vitro (36) . A separate study proposed that HMGB1 is capable of signaling through RAGE but not TLR4 (37). Because we have previously shown that reduced, but not oxidized HMGB1 blocked tolerance (25), we addressed the receptor mediating HMGB1 action by investigat- ϩ DCs fed apoptotic cells in the absence or presence of recombinant HMGB1. DTH was assayed as in Fig. 2B . C, schematic representation of the Cecal Slurry/Candida two-hit infection model. Mice were rendered immunosuppressed by an initial sublethal intraperitoneal (i.p.) polymicrobial infection (cecal slurry, CS, 0.2 mg/g). 24 h later, mice were injected intravenously (i.v.) with PBS (No Cells) or a suspension of DCs, which were fed apoptotic cells and the C. albicans antigen Candin without (Candin alone) or with HMGB1 preparations. 24 h later, mice were exposed to a secondary infection with C. albicans (5 ϫ 10 5 CFU/ mouse), and survival was monitored for 10 days. Without HMGB1 treatment, the DCs were injected in this system at 24 h to promote tolerance to the subsequent Candida infection, leading to increased mortality despite the dose of Candida administered being sublethal in PBS-injected mice. D, Kaplan-Meier survival curves of mice treated with the two-hit infection model. CD8␣
ϩ DCs treated with HMGB1 full-length wild-type (WT) or A-box increase survival to Candida secondary infection, whereas those treated with caspase-1-resistant HMGB1 full-length NC do not. Data were pooled from two independent experiments with similar results. n ϭ 10 mice per group except Candin ϩ HMGB1 (NC) n ϭ 5 mice. Statistically significant differences to Candin alone treatment are denoted by *.
ing the tolerogenic response of DCs from various TLR-deficient or Rage Ϫ/Ϫ mice. We found that HMGB1 was fully functional in the absence of TLR3, -4, -6, or -9 (Fig. 4A) . In contrast, fulllength HMGB1 and the A-box were unable to block tolerance when Rage Ϫ/Ϫ DCs were used (Fig. 4B) , indicating that RAGE is required to mediate HMGB1 activity. We next measured the affinity of A-box binding to RAGE using label-free SPR. The extracellular region of RAGE is composed of three immunoglobulin-like domains, V, C1, and C2 (Fig. 4C) , each with specific affinities to RAGE ligands (38) . Saturable, dose-dependent binding of recombinant A-box to three dextran-immobilized RAGE constructs (Fig. 4D, bottom) revealed similar association/ dissociation kinetics and low nanomolar affinities, indicating that the A-box binds to RAGE via the V-C1 region. The A-box and sRAGE interaction was confirmed in the reverse orientation (not shown). To identify the region(s) within the caspase-1-generated A-box responsible for RAGE binding, we generated synthetic peptides of overlapping sequences spanning the A-box (Fig. 4D,  top) . Specific dose-dependent binding yielded equilibrium dissociation constant (K D ) values in the low micromolar range in three of the peptides: one corresponding to the A-box N-terminal region (amino acids and two overlapping medial peptides (23-45 and 40 -50) (Fig. 4D, bottom) . In a DTH assay, activity in reversing tolerance correlated with RAGE affinity in all except peptide 1-22. Peptides 23-45 and 40 -50 both efficiently reversed tolerance (Fig. 4E) . These results confirm that the HMGB1 A-box domain can bind and signal through RAGE and that the binding region between residues 23 and 50 of HMGB1 A-box constitutes the active site required for RAGEdependent reversal of tolerance.
Prevention of Apoptosis-induced Tolerance in DCs by HMGB1 or A-box Rescues Septic Mice from Secondary Infection-
The loss of DTH in sepsis patients has been replicated in animal models of severe sepsis such as cecal ligation and puncture. Here we show that a minimally invasive model of severe sepsis induced by administration of CS (29) effectively reproduced the loss of DTH observed in sepsis (Fig. 5A) . To test whether DCs programmed by HMGB1 or the A-box can effectively modulate immunity in vivo, we utilized a DC-based immunotherapy approach. We show that immunization with DCs treated with HMGB1 rescued the DTH response in mice subjected to the CS model of severe sepsis (Fig. 5B) . We then applied a clinically relevant two-hit sepsis model to address whether this DC-based therapy is effective at modulating the outcome of a secondary infection during sepsis. Mice were treated with a sublethal dose of CS 48 h before infection with live C. albicans (Fig. 5C) . One day prior to Candida infection, mice were administered DCs loaded with the Candida antigen, Candin, that were also fed with apoptotic cells with or without HMGB1 proteins (FL WT, FL NC, or A-box). DCs fed apoptotic cells and Candin alone promoted tolerance to Candida such that the subsequent Candida infection was lethal (Fig. 5D) . However, in the presence of caspase-1-sensitive HMGB1 (WT) or the caspase-1-generated HMGB1 A-box, the DC tolerogenic program was reversed and animals survived (Fig. 5D ). DCs treated with the caspase-1-resistant HMGB1 form (NC) failed to modulate mouse survival (Fig. 5D) . These findings demonstrate that the immunomodulatory functions of HMGB1-programmed DCs can be applied in vivo to reverse pathological apoptosis-induced immunological tolerance.
Our findings provide novel insight into HMGB1 biology. Processing of HMGB1 by caspase-1 has to our knowledge never been previously observed and is of significant interest given the important roles these two factors exert in inflammatory settings. This observation warrants further investigation and requires the generation of specialized research tools to confirm biological relevance in physiological context. Caspase-1 appears to convert HMGB1 into an active A-box peptide that signals through RAGE to antagonize apoptosis-induced tolerance. As DCs programmed by this strategy can restore immune function in the immunosuppressed host, a DC-based immunotherapy approach to counteract the immune paralysis of sepsis patients could be explored as a future therapeutic strategy. We also define a direct functional interaction between an active site within the A-box and RAGE, potentially exposing a mechanism by which A-box administration exerts its protective effects during experimental sepsis.
